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Abstract
A cytotoxic protein complex of 320 kDA was isolated from dialyzed plasma of the edible mussel, Mytilus gallopro˝in-
cialis. Constituted by the assembly of several different proteins, the complex exhibits selective killing against eukaryotic
cells, including erythrocytes, mouse tumor cells and protozoan parasites. High variability, which was not correlated with
protein concentration, suggested that the immune response of naive mussels was in various stages of activation. Stimulation
assays by different treatments in vivo resulted in significant increases in the activity of the plasma suggesting that cytotoxic
complexes are involved in immune defense. Lytic activity appears to involve binding of cytotoxic complexes onto target
cell membranes and the formation of transmembrane pores. This research provides more evidence that the innate immune
system of invertebrates involves large cytotoxic proteins with a broad range of recognitive specificities in addition to small
antibacterial, antifungal peptides.
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1. Introduction
There is now a resurgence of interest in the innate
immune-defense system which is considered to be
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sulfonyl fluoride; SSS, sterile saline solution; TB, Tris buffer;
TBS, Tris-buffered saline
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innate, non-adaptive and non-anticipatory in contrast
with the induced, acquired, adaptive and anticipatory
response which characterizes the specific immune
system. Adaptive immunity utilizes the TrB lympho-
cyte system which depends upon rearranging genes
w xand has not been demonstrated in invertebrates 1 .
Innate immunity has been considered as an indepen-
dent entity but overlaps as a continuum with adaptive
w x w ximmunity 2 . More recently, Fearon and Locksley 3
proposed that innate immunity exerts a rapid, incom-
plete antimicrobial host defense, until the slower,
more definitive acquired immune response develops.
However, they concede that innate immunity could
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have a supplementary role in determining which anti-
gens the acquired immune system responds to and the
nature of that response. Innate immunity has also
been considered in the light of the products of its
cells which serve as antibiotics or antimicrobial pep-
w xtides 4 . According to another interpretation, verte-
brate immunity is a specialized type of inflammation
against infectious agents that evolved presumably
.from the invertebrate innate immune system in re-
sponse to counter measures successfully used by
intracellular pathogens against non-specific immun-
w xodefense 5 .
There are at least two pertinent reasons for analyz-
ing innate invertebrate immunodefense. First, we can
learn more from invertebrates, concerning the expan-
sive, evolutionary development of this ubiquitous
kind of immunity which protects millions of meta-
zoans. Second, because the humoral products derived
from these organisms are usually potent antibacterial
agents, we will become better equipped to understand
the mechanisms of natural protection, not only for
those invertebrates which are pests and vectors of
disease, but also for those which are advantageous as
sources of food. Pathogenic threats to either the
disadvantageous or very favorable invertebrate groups
could pose immediate problems to the ecological
balance. Thus, how their immune systems function is
essential in the global sense.
In a previous paper, we reported that the plasma of
the edible Mediterranean mussel, Mytilus gallo-
pro˝incialis, previously immunized by injection of
bacteria contains several proteins that can kill them.
One protein, named MGD1, was purified by reverse-
w xphase HPLC 6 . Its biological activity was directed
against both Gram positive and Gram negative bacte-
ria but it was cytotoxic towards neither human ery-
throcytes or protozoa. In the present paper, we have
identified stimulable cytolytic complex from the
hemolymph and characterized many of its properties
and biological activities.
2. Materials and methods
2.1. Collecting mussels and har˝esting hemolymph
Mytilus gallopro˝incialis were collected from
 .Palavas Gulf of Lion-France and maintained in
oxygenated sea water at 158C. Hemolymph was with-
drawn from the posterior adductor muscle into a
syringe and centrifuged immediately at 800=g for
15 min at 48C. The supernatant, referred to as plasma,
was dialyzed overnight against TB 50 mM Tris-HCl,
. pH 7.5 or TBS 50 mM Tris-HCl, 200 mM NaCl, 10
.mM CaCl , pH 8.5 , clarified by 5 min centrifugation2
at 11 000=g and 48C then stored frozen at y808C.
2.2. Mussel hemocytes
Hemocytes were collected from the posterior ad-
ductor muscle with a syringe containing Alsever’s
w xsolution as an anticoagulant 7 . After counting, the
hemocytes were pelleted by centrifugation at 800=g
for 15 min at 48C, washed three times in Alsever’s
solution and finally suspended in FSW.
2.3. Cytotoxic assays
To offer a wide spectrum of targets, several cell
types were employed. HORBC were supplied by
Centre Regional de Transfusion Sanguine Montpel-´
.lier-France , human A and B, rabbit, horse, sheep,
mouse and monkey erythrocytes were provided by
 .Sanofi Diagnostics Pasteur France . They were used
not older than 2 wk post-bleeding. The day to be
used, erythrocytes were washed three times in iso-
tonic SSS then resuspended in TBS. Erythrocytes
 7.2P10 in 100 ml of TBS were incubated with 100
ml of sample for 1 h at 258C. The number of erythro-
cytes and the 2-fold dilution of the cytolytic samples
were adjusted to lyse nearly all the target cells in
order to constitute the most sensitive assay. Cell lysis
was determined by measuring the concentration of
released hemoglobin at 541 nm and the degree of
hemolysis was determined according to the equation:
% of cytolysiss100=
absorbance in testyabsorbance in TBS
absorbance in 100% hemolysisyabsorbance in TBS
where absorbance in TBS consisted of the absorbtion
from erythrocytes incubated in 200 ml of TBS and
100% hemolysis was obtained by osmotic lysis of
2P107 erythrocytes in distilled water.
Cancer cells were mouse myeloma cells ATCC
.CRL 1580 and were a gift from Dr. Bernard Pau
 .Universite de Pharmacie, Montpellier-France . They´
 .were maintained in RPMI 1640 medium Gibco
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supplemented with 10% fetal bovine serum, strepto-
mycin 0.05 mgrml and penicillin 0.05 mgrml. Tu-
 4.mor cells 3P10 in 100 ml supplemented RPMI
 5.1640 or mussel hemocytes 2P10 in 100 ml of
FSW were incubated for 1h with 100 ml of sample at
258C with 5% CO or at room temperature. Viability2
w xwas then evaluated by trypan blue exclusion 8 ; and
was calculated according to the formula:
number of stained cells
% of cell deaths100=
total number of cells
Bonamia ostreae, a protozoan parasite of the flat
oyster, Ostrea edulis, were purified in the laboratory
from highly infected oysters and suspended in FSW
w xaccording to the protocol of Mialhe et al. 9 . B.
 5.ostreae 6P10 in 4 ml of FSW were incubated for
1 h at room temperature in the presence of 36 ml of
sample. Viability was determined by staining with
w xacridine orange-ethidium bromide 10 . The percent-
age of dead parasites was assessed from the number
of dead, orange staining parasites and viable green
parasites viewed under UV illumination.
2.4. Bacterial growth inhibition
Bacteria, Escherichia coli D31 streptomycin re-
. sistant , was a gift from Dr. Daniele Hoffmann Uni-`
.versite Louis Pasteur, Strasbourg-France and Vibrio´
alginolyticus was obtained from the Laboratory of
 .Zoology Universita di Lecce-Italy . E. coli were`
 .grown in LB and V. alginolyticus in MB Difco .
Bacteria in log-phase growth were suspended in LB
or MB at a concentration of 108 bacteriarml, then 10
ml were added to 50 ml of sample in FSW. After 30
min incubation at room temperature, serial dilutions
were performed in LB or MB and plated into Petri
dishes over a layer of agarose containing LB or MB.
After 24 h incubation at 248C, the percentage of
bacterial growth inhibition was calculated from the
difference between the number of CFU in experimen-
tal and in controls which consisted of bacteria incu-
bated with 50 ml of FSW alone.
2.5. Stimulation assays
Because mussel cytotoxic activity varies greatly
from one individual to another, hemolymph samples
from approximately 100 mussels were tested for cy-
tolytic activity against HORBC. Only those mussels
possessing relatively low activities were chosen to be
treated experimentally: Group 1 was untreated con-
trols. Group 2 was injected with 10 ml SSS into the
posterior adductor muscle. Group 3 was injected into
the posterior adductor muscle with 10 ml of a suspen-
sion of 50% HORBC in SSS. Plasma samples
 .20rgroup taken from individual mussels were col-
lected for each time point to be tested for capacity to
lyse erythrocytes, for which plasma was diluted 4-fold
in TBS before being assayed.
2.6. Statistics
Statistical significance of differences between two
mean values was determined by Student’s t-test.
Differences were considered statistically significant if
P values were -0.05. Analysis of variance using
Kruskal-Wallis’s test was employed to analyze differ-
ences between several mean values.
2.7. Protein-carbohydrate content and physico-chem-
ical treatments
Protein concentrations were determined by Brad-
ford’s method using BSA as a standard. The presence
of carbohydrate was evaluated by lectin binding onto
proteins blotted on nitrocellulose membranes. Puri-
 .fied protein 1.5 mg in TBS and negative controls of
 .TBS alone were blotted. Several lectins 1mgrml
labeled with peroxidase were used: wheat germ ag-
 .  .glutinin WGA , Helix pomatia agglutinin HPA ,
 .concanavalin A Con A and Tetragonolobus pur-
 .pureas TP .
To monitor heat stability, plasma samples were
incubated at 4, 10, 25, 37, 45, or 558C for 1 h before
determining the extent of their cytolytic activity.
Importance of pH in the reacting medium was estab-
lished by dialyzing the plasma overnight in TBS at
pH 4, 5, 6, 7, 7.5, 8, 8.5, 9 or 10 before quantifying
the cytolytic activity. For inhibitory assay, plasma
was incubated for 1h at 258C in the presence of
PMSF at 1 mM or 2 mM before verifying cytolytic
activity. Controls consisted of plasma incubated with-
out PMSF.
2.8. Protein purification
Hemolymph from 40 mussels, previously chal-
lenged by injection of 10 ml of a suspension of 50%
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HORBC, were pooled and centrifuged at 800=g for
15 min at 48C then dialyzed overnight against TB.
Light flocculates or precipitates were eliminated by
15 min centrifugation at 11 000=g at 48C. Aliquots
 .of 6 ml 5.1 mg of protein of the remaining 42 ml of
 .supernatant 0.85 mgrml of protein were applied to
an anion exchange Resource Q 1 ml column 6.4=30
.mm, Pharmacia equilibrated with TB and eluted at 1
mlrmin with 10 ml linear gradient of 0–400 mM
 .NaCl in TB HPLC System Gold, Beckman . Ab-
sorbence was recorded at 280 nm. Cytotoxic activity
was identified by lysis of HORBC tested along the
elution profile after dialysis against TBS. Active
fractions of 7 ion exchange separations were pooled,
concentrated 5-fold by partial freeze-drying and dia-
lyzed overnight against TBS. Aliquots of 2 ml 60
.mg of proteins were loaded onto a gel filtration Sec
 .3,000 column 7.5=300 mm, Beckman equilibrated
with TBS. Elution was performed at 1 mlrmin with
TBS and cytolytic activity observed directly along
the elution profile against HORBC. Calibration of the
column was done by using blue dextran 2,000, fer-
 .  . ritin 440 kDa , catalase 232 kDa , aldolase 158
.  .kDa and BSA 67 kDa .
PAGE analysis was performed on 4–15% poly-
 .acrylamide gels using the Phast System Pharmacia
and samples analyzed under non-reducing conditions.
Only pure protein was reduced by 3 min boiling in
the presence of 5% b-mercaptoethanol. After migra-
tion, gels were developed with Coomassie PhastGel
.  .Blue R or silver PhastGel Silver Kit staining.
 . Lactalbumin 14.4 kDa , trypsin inhibitor 20.11
.  . kDa , carbonic anhydrase 30 kDa , ovalbumin 43
.  .  .kDa , albumin 67 kDa , transferrin 76 kDa , b-
 .  .galactosidase 116 kDa , a -macroglobulin 170 kDa2
 .and myosin 212 kDa were used as MW markers.
2.9. Cell membrane binding
Erythrocyte ghosts were prepared by washing 108
HORBC with 4 times 10 ml of distilled water until
the red color of hemoglobin disappeared. The ghosts
were then pelleted by 5 min centrifugation at 11,000
g and resuspended in cytotoxic fractions from Re-
source Q in TBS. After 1 h incubation at 258C, the
supernatant of 5 min centrifugation at 11,000 g was
tested for residual cytolytic activity and prepared for
SDS-PAGE analysis. Unabsorbed aliquots of cyto-
Table 1
Sensitivity of several target cells to the cytotoxicity of mussel dialysed plasma after 1 h of contact at 258C
 .Target Percentage of cell death Spec. act. U rmga
Vertebrate erythrocytes
Rabbit 72.3"5.2 18.9
Human O 63.7"2.4 16.5
A 65.7"1.8 17.0
B 63.0"1.5 16.4
Mouse 61.3"0.7 16.0
Horse 52.7"0.3 13.7
Sheep 52.3"0.7 13.7
Monkey 46.7"0.9 12.1
Tumor cell line
Mouse myeloma 653 45.5"2.5 1.12
Protozoan parasite
Bonamia ostreae 51.0"9.8 0.01
Bacteria
Vibrio alginolyticus 0 0
Escherichia coli D3 0 0
Mussel hemocytes 0 0
 .  .Cytotoxic activity is expressed as arithmetical means of percentage of cell death"S.E. ns3 and in absolute units per mg U rmga
corresponding to the death of 107 cellsrmg of plasmatic protein.
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toxic fraction and supernatant of HORBC ghosts
incubated with TBS alone were used as controls.
For electron microscopic observation, erythrocyte
membranes were prepared by incubating 50ml of
 7 .HORBC 10 cells in TBS with 100 ml of cytotoxic
 .fraction 3 mg from Resource Q at 258C for 30 min.
After 2 min centrifugation at 7500=g, the pellet was
resuspended in TBS and a drop of this suspension
was layered on collodion-carbon-coated grids, nega-
tively stained with 2% sodium phosphotungstate and
observed using a Hitachi HU11C electron micro-
scope. Controls consisted of HORBC lysed by incu-
bation with distilled water.
3. Results
3.1. Specificity of the cytotoxic acti˝ity
Plasma, collected from pools of 5 mussels, were
dialyzed to remove small molecules and to adjust the
osmolarity, then incubated in the presence of various
target cells. As show in Table 1, differences in
percentages of cell death were observed according to
the erythrocytes and these percentages ranged from
46.7"0.9% for monkey to 72.3"5.2% for rabbit.
Calculated specific activity was from 18.9 P 107
cellsrmg of total plasma proteins to 12.1P107
cellsrmg. Both mouse tumor cell lines and Bonamia
ostreae were also sensitive to cytotoxic activity.
However, they were found to be less susceptible than
erythrocytes with specific activity of 11.2 P 106
cellsrmg and 17.8P104 cellsrmg respectively. In
contrast, viability of the two Gram negative bacteria,
E. coli and V. alginolyticus, was not affected by
incubation in the presence of dialyzed mussel plasma.
With respect to controls, we found that mussel hemo-
cytes remained viable when separated from crude
hemolymph, washed and then incubated in plasma.
3.2. Time-course of the reaction
The time course of cytolytic activity was evaluated
by incubating HORBC for 5, 15, 30, 45 and 60 min
 .Fig. 1A . Even after 5 min of contact, a statistically
significant percentage of erythrocytes was lysed 5.0
."1.0%, Ps0.007 . This percentage rapidly in-
 .creased until 30 min 58.3"2.6% and the highest
 .  .Fig. 1. Time-course A and dose-dependence B of cytolytic
activity exerted by dialysed mussel plasma toward HORBC. Each
point represented the arithmetic mean of triplicates"SEM.
 .activity 73.7"1.8% was observed after 60 min of
contact. Diluting the mussel plasma resulted in less
 .activity Fig. 1B which was no longer detectable
after 32-fold dilutions. The shape of the dose-re-
sponse curve clearly indicated that the activity was
dose-dependent.
3.3. Heat stability, effects of pH and inhibition
Cytotoxic potential was determined by testing the
remaining activity of plasma which had been previ-
ously heated for 1 h at various temperatures. Fig. 2A
shows that the cytolytic activity was stable from 48C
 .  .62.0"2.1% up to 258C 58.3"0.6%, Ps0.137 ,
then rapidly decreased to be completely inactivated at
458C. As depicted in Fig. 2B, the cytolytic activity
was strictly dependent on the pH of the incubation
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 .  .Fig. 2. Effect of temperature A and pH B on the cytolytic
activity of dialysed mussel plasma toward HORBC. Symbols as
in Fig. 1.
medium. After 1 h at an acidic pH, the percentage of
cell death was about 20%, compared to 70.0"2.0%
observed at pH 8.5. A more basic pH resulted in less
cytolytic activity with only 37.0"0.6% for pH 10
 .P-0.0001 .
Adding the serine proteinase inhibitor PMSF re-
sulted in decreased cytolytic activity. An inhibitory
 .effect of 18.0"2.7% Ps0.026 was observed in
the presence of 1 mM PMSF, whereas 2 mM PMSF
 . induced 33.0"0.7% Ps0.001 inhibition data not
.shown .
3.4. Indi˝idual ˝ariability and kinetics of stimulation
The frequency distribution of HORBC cytolytic
activity in a population of 60 mussels revealed that
plasma collected from individual mussels yielded
enormous differences in activity ranging from 0 to
100% with an arithmetic mean of 68.3"3.2% Fig.
.3A . Even if variability was observed in total protein
content of various plasma samples, with values rang-
ing from 550 mgrml to 990 mgrml, it was appar-
ently not related to variability in cytolytic activity
 .Fig. 3B .
Due to individual variability, stimulation experi-
ments were performed on mussels which possess
Fig. 3. Individual variability of the cytolytic activity toward
HORBC. A. Frequency of distribution. B. Relationship with total
protein content. Histograms represent the percentage of cytolysis.
relatively low cytolytic activity in their plasma. Cy-
tolytic activity of diluted plasma samples from these
selected individual mussels was examined from each
group between the first and fifth days after experi-
Fig. 4. Stimulation of cytolytic activity in mussel plasma in
response to an injection of 10 ml of a suspension of 50%
 .  .HORBC in SSS ‘ or 10 ml of SSS alone ^ ; control refers to
 .untreated mussels I . Each bar represents the arithmetic mean
of activity"SEM, ns20, measured in plasma harvested from
the same mussels throughout the experiment.
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 .mental treatment Fig. 4 . Two days after receiving
HORBC in SSS or SSS alone, cytolytic activity
against HORBC in plasma of recipient mussels was
 .significantly increased P-0.01 . In non-injected
mussels, harvesting of hemolymph was sufficient to
produce comparable increases which also reached
 .maximal levels two days after injection P-0.05 .
3.5. Identification of the cytotoxic protein
The cytolytic assay is simple, rapid and was ap-
plied to investigate the molecular basis of the activ-
ity. Elution of previously dialyzed immune plasma
from anion exchange column resulted in 3 major
 .peaks as revealed by absorption at 280 nm Fig. 5A .
Cytolytic activity was clearly located within the first
peak eluted by 200 mM NaCl. The protein content of
active fractions was analyzed in SDS-PAGE under
 .non-reducing conditions Fig. 5B . The presence of
strong labelling at the top of the separating gel
suggested the existence of a high molecular weight
 .  .HMW protein s , too large to enter the 4% acryl-
amide gel. The same HMW band was present in
dialyzed plasma. A clear band of about 320 kDa was
 .Fig. 5. Anion exchange chromatography on Resource Q column, 1 ml 6.4 mm=30 mm, Pharmacia at pH 7.5. A. Immune plasma
dialyzed against TB was eluted with 10 ml gradient of 0–400 mM NaCl at a flow rate of 1 mlrmin. The absorbance was monitored at
 .280 nm. After dialysis against TBS the fractions were assayed for cytolytic activity against HORBC gray bars . B. SDS-PAGE analysis
 .  .  .of dialyzed plasma P and active fractions from Resource Q 9,10,11,12,13 on PhastGel Gradient 4–15 Pharmacia visualized by silver
staining. H and L were Pharmacia high MW calibration kit and Pharmacia low MW calibration kit. Note the presence of a HMW band
not entering the gel and of a 320 kDa band in plasma and fractions, the intensity of which seemed to be correlated to activity.
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also consistently observed, the labeling of which
seemed to be correlated with the percentages of
cytolytic activity. Other bands ranging from 90 to 15
kDa were also present, particularly in fractions 11–13.
The first peak of anion exchange chromatography as
well as the HMW and the 320 kDa protein bands
 .Fig. 6. Gel filtration on Ultraspherogel Sec 3000 column 7.5 mm=30 cm, Beckman . A. The active fraction from the anion exchange
column was submitted to fractionation with TBS. MW range was 5–700 kDa and Blue Dextran 2000 was used to determine the void
 .volume. The absorbance was monitored at 280 nm. Fractions were directly assayed for cytolytic activity against HORBC gray bar . Note
 .the presence of activity only in the first peak. B. Scanning analysis of the peak 1 light dotted line compared to unseparated immune
 .plasma dark dotted line between 230 and 430 nm in wavelength. Note the presence of only one absorption peak centered on 280 nm in
 .peak 1 arrow head .
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Fig. 7. PAGE analysis of peak 1 from gel filtration on PhastGel
 .gradient 4–15 Pharmacia . A. Native cytotoxic protein visual-
 .ized by Coomassie staining arrowhead . B. Denatured proteins
 .visualized by silver staining under non reducing conditions 1NR
 .and reducing conditions 1 . H. Pharmacia HMW calibrationR
kit. L. Pharmacia low MW calibration kit. Note the decrease of
HMW and 320 kDa bands after reduction and the presence of
other bands, including the one at 25 kDa.
were never observed in immune plasma previously
inactivated by heating at 458C and centrifuged data
.not shown .
3.6. Purification of the 320 kDa protein
In order to purify the 320 kDa protein, only the
two cytolytic fractions 9 and 10 from anion exchange
chromatography were pooled, concentrated by partial
freeze-drying, dialyzed against TBS then submitted to
gel filtration. Elution with TBS resulted in 5 peaks
where the activity was localized only in the first
 .fraction Fig. 6A . Molecular calibration of the col-
umn revealed that these peaks were eluted in the void
 .volume, a characteristic of protein s of MW higher
than 700 kDa which corresponds to the exclusion
limit of the Sec 3000 column. As shown in Fig. 6B,
scanning analysis of peak 1 between 230 and 430 nm
in wavelength indicated only one peak of absorption
centered at 280 nm, suggesting that only proteins
were present when compared to several peaks of
absorption exhibited by unseparated immune plasma.
Analyzed in native PAGE, peak 1 appeared to be
 .composed of only one protein of HMW Fig. 7A . In
the presence of SDS, but under non-reducing condi-
tions, only the HMW, 320 and 25 kDa bands were
 .clearly visible Fig. 7B . Under reducing conditions,
both the HMW and the 320 kDa bands were dramati-
Table 2
Parameters of purification of the cytotoxic protein from the immune plasma of M. gallopro˝incialis
 .  .  .  .  .  .Step Volume ml Total protein mg Total act. U Recovery % Spec. act. U rmg Purification folda a
Dialysed plasma 42 35.70 833.95 100 23.36 1
Resource Q 14 0.42 266.86 33 635.40 27
Sec 3000 6 0.02 23.59 3 983.25 42
 . 7Specific activity was determined in absolute units U corresponding to the lysis of 10 HORBC.a
Table 3
Cytotoxic activity of cytolytic protein after 1 h of contact at 258C
 .Target Percentage of cell death Specific activity U rmga
Erythrocytes
Human O 73"0.5 635.4
Tumor cell line
Mouse myeloma 653 47"5.0 28.2
Protozoan parasite
Bonamia ostreae 29"2.0 0.3
Result as in Table 1.
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cally decreased and other bands ranged from 270 to
40 kDa appeared.
Table 2 summarizes the parameters of purification
of the cytotoxic molecules. The first step in purifica-
tion through Resource Q anion exchange column
increased the specific activity to 27-fold, whereas gel
filtration gave a purification fold of 42 with a recov-
ery of only 3% compared with the starting sample.
Approximately 1 mg of pure cytotoxic protein was
required to lyse 107 HORBC. Cytotoxic activity of
cytolytic protein was determined by incubating mouse
myeloma tumor cells and protozoan B. ostreae with
fraction 9 of Resource Q chromatography. Both tar-
get cells were found to be sensitive with marked
differences, B. ostreae being nearly 100 times more
 .resistant than murine tumor cells Table 3 .
Proteins contained in fraction 9 of Resource Q
chromatography preferentially bound to WGA Fig.
.8 . Light labelling was noted with HPA and Con A
whereas no binding occurred on TP lectin. Controls,
where mussel samples were omitted, were not la-
belled.
3.7. Mechanism of action
Incubating dialyzed immune plasma or pure cyto-
toxic protein with HORBC ghost membranes resulted
in total inhibition of cytolytic activity in the super-
natant. Analyzed in SDS-PAGE, this inactive super-
natant, although contaminated by numerous erythro-
cyte proteins, no longer contained the 320 kDa pro-
tein band. These two observations suggested that the
cytolytic activity was due to the 320 kDa protein
Fig. 8. Lectin binding on dot-blots of purified cytotoxic proteins.
One mgrml of several lectins labeled with peroxidase were
incubated during 1 h at 258C. WGA, wheat germ agglutinin.
HPA, Helix pomatia agglutinin. ConA, concanavalin A. TP,
Tetragonolobus purpureas. Note the strong labeling with WGA
and the absence of coloration with TP. Arrow indicates the
localisations of lectin deposites, without cytotoxic proteins
Fig. 9. Circular lesions on HORBC membranes observed after
lysis by pure cytolytic protein. Deposit on collodion-carbon-
coated grids negatively stained with 2% sodium phospho-
tungstate. The surface of the ghosts appeared as covered with
small, dense round-shaped deposits of phosphotungstate with a
diameter of 5–10 nm evoking transmembrane pores black arrow
.heads . Bars1 mm.
acting through its binding onto the target cell mem-
brane. Observed in TEM after negative staining,
HORBC which were lysed by pure cytolytic fraction
appeared as flat ghosts covered with small, dense
round-shaped deposits of phosphotungstate with a
 .diameter of 5–10 nm Fig. 9 . Never observed on
osmotically lysed erythrocyte ghosts, these structures
were numerous giving the membrane the appearance
of being perforated by transmembrane pores.
4. Discussion
The present paper provides more details on the
cytotoxic activity found in the plasma of the Mediter-
ranean mussel, M. gallopro˝incialisas preliminary
w xreported in a French workshop 11 . The responsible
molecules have been isolated, purified and several of
its characteristics defined. Detectable in other bivalve
mollusks as a hemolytic molecule secreted by hemo-
cytes and capable of lysing diverse erythrocytes,
w x12–14 , we have demonstrated that cytotoxic
molecules also provoked death of other eukaryotic
but not prokaryotic cells, the former are obviously
more highly organized and capable of membrane
repair. When cytotoxic activity was tested against a
panel of erythrocytes, those of rabbits were the most
sensitive. This result agrees with those obtained in
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different phyla where, despite considerable differ-
ences in sensitivity from one erythrocyte species to
another, rabbit erythrocytes were generally the most
w xsensitive 16–18 . Differences are attributed to varia-
tions in membrane structure of the corresponding
target cells rather than to target specificity of the
w xinvertebrate cytolysins 19 .
In contrast to cytolytic factors isolated from gas-
w xtropods, Aplysia kurodai 20,21 and Dolabella au-
w xricularia 22–24 which kill tumor cells, but not
erythrocytes, the molecule isolated from the bivalve,
M. gallopro˝incialis, exerts cytotoxic activity against
the two cell types, as reported for the echinoderm,
w xSpherechinus granularis 17 . Moreover, the cy-
tolysin of M. gallopro˝incialis is equally active
against B. ostrea, a parasite from the flat oyster.
Killing of a parasite from a distantly related mollusc
supports a key role that this protein plays in the
immunodefense process, since the anti bonamia activ-
ity may be a plausible explanation as to why, con-
trary to oysters, mussels do not develop bonamiasis.
Although present in the plasma of M. gallopro˝in-
cialis, antibacterial activity was lost after dialysis. In
contrast to the cytotoxicity, antibacterial activity was
due to different proteins of smaller size that diffuse
w xacross membrane pores during dialysis 6 . This is not
the case for cytolytic factors isolated from marine
w x w xgastropods 25–27 , terrestrial snails 28,29 and an-
w xnelid earthworms 30 which share equally bi func-
tional cytolyticrantibacterial activities. As evidence
of a different specificity autologous cells hemocytes
.of mussels were insensitive to cytotoxic action found
in plasma which is in agreement with what has been
w xdemonstrated in echinoderms 17,18,31 .
Cytotoxic activity detected in mussels demon-
strated common characteristics found in almost all
studies concerning hemolytic activity in invertebrates
w x19 . These include: rapid time course, sigmoid dose-
response curve, sensitivity to temperature and a wide
range of pH stability. As revealed for the crustacean
w xPenaeus californiensis 32 , cytolysis is partially in-
hibited by PMSF. This inhibition by PMSF indicates
that serine proteinases may be responsible for the
cytolytic response as they occur in reactions which
generally participate in invertebrate mechanisms of
immunodefense such as the activation of the ProPO
w xsystem 33 . As in vertebrates, these proteinases can
play a role in the regulation of cytotoxic mechanisms.
Although detectable in vitro in the plasma of all
mussels, cytotoxic activity was different from one
individual to another and did not depend on the
concentration of total protein. Variability has also
w xbeen described in echinoderms 17 and in other
w xmollusks 12 . Moreover, in another mussel, M.
edulis, the numbers of hemocytes producing cyto-
toxic molecules can vary significantly from one indi-
vidual to another and this variability is not related to
w xthe total number of circulating hemocytes 34 . From
these results, we hypothesized that in our studies, the
mussels raised in a natural environment were con-
fronted with various infectious threats and, as a con-
sequence, are engaged in diverse stages of immune
response. In that sense, variability resulted from dif-
ferent physiologies between individuals rather than
from differences at the genomic level. This hypothe-
sis is supported by stimulation experiments in vivo
which demonstrated that cytotoxic activity can be
augmented in the plasma from mussels which were
selected because of their relatively weak activity.
Similar increases were not observed in cytotoxic
plasma already showing high activity.
Erythrocyte and saline injections were capable of
stimulating the cytotoxic capacity of plasma. More
interesting is the fact that the syringe puncture when
collecting plasma also stimulated the cytotoxic activ-
ity, demonstrating the non-specificity of the cytotoxic
response. In all the cases, maximum stimulation was
observed 2 days after operation and lasted for 2–3
days. Our results confirm the only other work done in
bivalves in which experimental wounding of Merce-
naria mercenaria produced a significant augmenta-
tion in lytic activity in the hemolymph that lasted for
w xat least 3 days 12 . However, in contrast to the
situation in mussels, injections of erythrocytes into
M. mercenaria produced an augmentation of activity
higher than the one produced by saline injection.
Cytolytic molecules of mussels have been reported as
w xbeing secreted by hemocytes 14 . The augmentation
of activity in the plasma observed in the present
studies probably resulted from an accumulated secre-
tion of cytotoxic proteins by hemocytes and indicates
that these molecules may be part of the immune
response.
Using purification by chromatography, the molecu-
lar structure of the cytotoxic factor has a MW higher
than 700 kDa. Analysis by electrophoresis showed
( )F. Hubert et al.rBiochimica et Biophysica Acta 1361 1997 29–4140
the HMW factor to be composed of 320 kDa proteins
capable of polymerizing into a complex of HMW.
Moreover, analysis of the bands under reduced condi-
tions suggested that the protein of 320 kDa is itself
an heteropolymer composed of several molecular
species. On the basis of MW and on the subunit
composition, there is no apparent relationship be-
tween the M. gallopro˝incialis cytotoxic protein and
those molecules of similar activity described in other
invertebrates. Even when compared with the
molecules reported as hemolytic in the blue mussel
M. edulis 72 kDa, esterase activity, absence of poly-
. w xmerization there is apparently no homology 14,15 .
The presence of carbohydrate structures linked to
the purified M. gallopro˝incialis cytotoxic protein
was demonstrated using lectin binding. Knowing the
specificities of the lectins used, we deduced that the
cytotoxic factor includes oligosaccharide chains of
galactosamine or glucosamine types. Several carbo-
hydrates, such are galactosamine and glucosamine,
have been previously reported as potent inhibitors of
w x w xcytolysis in annelids 35 and echinoderms 36 . Lipids
w xwere also powerful inhibitors in annelids 16 , echin-
w x w xoderms 31,37 and tunicates 38 and it was hypothe-
sized that the cytolytic factors penetrate the mem-
brane bilayer through their interaction, leading to cell
disruption. In both annelids and echinoderms, ery-
throcyte membrane lesions produced by cytolytic fac-
tors resemble transmembrane pores opening channels
w xthrough the lipid bilayer 16,31,39 . In such animal
models, based on binding specificities, molecular
oligomerization and the absence of enzymatic cas-
cade, it has been proposed that the cytolytic proteins
are phylogenetically related to vertebrate perforins
w xrather than to complement C9 component 40 . Our
results on the M. gallopro˝incialis cytotoxic protein
provide another indication that invertebrates possess
molecules analogous to vertebrate pore-forming pro-
teins.
In summary, our results reveal, in addition to
antibacterial peptides, the existence of a large cyto-
toxic protein complex in hemolymph of the mussel,
M. gallopro˝incialis, which exerts non specific cyto-
toxic activity. The presence of this effector in the
plasma constitutes a first line of defense against
infectious agents and also ensures a control which
restricts the proliferation of commensal microorgan-
isms. To express simultaneously antibacterial pep-
tides and the cytotoxic complex is advantageous and
they probably constitute immunodefense elements
having contributed to the evolutionary success of
mollusks.
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